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Abstract 
This paper reports the results of an experimental study testing a low-cost in situ chemical fixation method 
designed to reclaim arsenic-contaminated subsurface soils. Subsurface soils from several industrial sites 
in southeastern U.S. were contaminated with arsenic through heavy application of herbicide containing 
arsenic trioxide. The mean concentrations of environmentally available arsenic in soils collected from the 
two study sites, FW and BH, are 325 mg/kg and 900 mg/kg, respectively. The soils are sandy loams with 
varying mineralogical and organic contents. The previous study [Yang L, Donahoe RJ. The form, 
distribution and mobility of arsenic in soils contaminated by arsenic trioxide, at sites in Southeast USA. 
Appl Geochem 2007;22:320–341] indicated that a large portion of the arsenic in both soils is associated 
with amorphous aluminum and iron oxyhydroxides and shows very slow release against leaching by 
synthetic precipitation. The soil's amorphous aluminum and iron oxyhydroxides content was found to 
have the most significant effect on its ability to retain arsenic. Based on this observation, contaminated 
soils were reacted with different treatment solutions in an effort to promote the formation of insoluble 
arsenic-bearing phases and thereby decrease the leachability of arsenic. Ferrous sulfate, potassium 
permanganate and calcium carbonate were used as the reagents for the chemical fixation solutions 
evaluated in three sets of batch experiments: (1) FeSO4; (2) FeSO4 and KMnO4; (3) FeSO4, KMnO4 and 
CaCO3. The optimum treatment solutions for each soil were identified based on the mobility of arsenic 
during sequential leaching of treated and untreated soils using the fluids described in EPA Method 1311 
[USEPA. Method 1311: toxicity characteristic leaching procedure. Test methods for evaluating solid 
waste, physical/chemical methods. 3rd ed. Washington, DC: U.S. Environmental Protection Agency, 
Office of Solid Waste. U.S. Government Printing Office; 1992] toxic characteristics leaching procedure 
(TCLP) and EPA Method 1312 [USEPA. Method 1312: synthetic precipitation leaching procedure. Test 
methods for evaluating solid waste, physical/chemical methods. 3rd ed. Washington, DC: U.S. 
Environmental Protection Agency, Office of Solid Waste. U.S. Government Printing Office; 1994] 
synthetic precipitation leaching procedure (SPLP). Both FW and BH soils showed significant decreases in 
arsenic leachability for all three treatment solutions, compared to untreated soil. While soils treated with 
solution (3) showed the best results with subsequent TCLP sequential leaching, SPLP sequential leaching 
of treated soils indicated that lowest arsenic mobility was obtained using treatment solution (1). 
Treatment solution (1) with only FeSO4 is considered the best choice for remediation of arsenic-
contaminated soil because SPLP sequential leaching better simulates natural weathering. Analysis of 
treated soils produced no evidence of newly-formed arsenic-bearing phases in either soil after treatment. 
Sequential chemical extractions of treated soils indicate that surface complexation of arsenic on ferric 
hydroxide is the major mechanism for the fixation process. 
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chemical extraction procedure (SCEP) 
 
 
 
 
1. Introduction 
Arsenic is an element that is widely distributed in the earth's crust. It ranks twentieth among the elements 
in abundance in the earth's crust and is a major constituent of no fewer than 245 mineral species (Cullen 
and Reimer, 1989). Despite of its universal presence, arsenic has been recognized as a well-known 
toxicant since ancient times. Even at low concentrations, long-term exposure to inorganic arsenic can lead 
to a series of diseases, including skin tumors, liver dysfunction, gangrene and hearing defect (Hutton, 
1987). Both the International Agency for Research on Cancer (IARC) and the Department of Health and 
Human Services (DHHS) in U.S. have classified inorganic arsenic as a known human carcinogen 
(ATSDR, 2000).With the further study of arsenic carcinogenic risk, U.S. Environmental Protection 
Agency (USEPA) has lowered the currentmaximumcontaminant level (MCL) of arsenic in drinking water 
from 50 ppb to 10 ppb effective January 23, 2006 (USEPA, 2001). The average concentration of arsenic 
in crustal rock is 2–3 mg/kg (Tanaka, 1988). The concentration of arsenic in soil is generally higher than 
that in crustal rock, with the average of about 5 mg/kg in uncontaminated soils (Peterson et al., 1981). 
Background concentrations of arsenic in U.S. soils range from less than 1 to 97 mg/kg depending on 
regional geology, with an average of about 5 to 7mg/kg (Shacklette and Boerngen, 1984; Dragun and 
Chiasson, 1991). Besides regional geological factor, anthropogenic activities such as nonferrous metal 
mining and smelting, coal combustion, and widespread application of arsenic-containing compounds such 
as herbicides, desiccants, andwood preservatives have resulted in contaminations of high local 
concentrations of arsenic in soils (ATSDR, 2000). Since dissolved arsenic poses a serious health risk 
upon exposure, leaching of arsenic from contaminated soils into groundwater is a major environmental 
concern and usually the focus of further remediation efforts.  
Subsurface soils from many sites associated with the electrical power industry in North America are 
contaminated with arsenic because of the heavy application of herbicides containing arsenic trioxide. 
Major technologies currently used for remediation of heavy-metal contaminated soils include excavation 
and disposal, vitrification, ectrokinetic treatment, soil flushing and solidification/stabilization. Excavation 
and disposal is the most direct way to remediate heavily contaminated soils. However, its applicability 
varies depending on the characteristics of the contaminated site and the remediation process can be very 
costly, especially if hand digging is required. Vitrification involves high temperature treatment of soil and 
is aimed primarily at reducing the mobility of metals by their incorporation into a chemically durable, 
leach resistant, vitreous mass. Because of the difficulties encountered in controlling and treating the 
volatile emissions produced during this process, its applicability varies from site to site. In addition, 
vitrification is not cost-effective compared with other remediation methods.  
Electrokinetic remediation can be used as an in situ remediation technology, and has been studied by 
several researchers (Pamukcu and Wittle, 1992; Probstein and Hicks, 1993; Shapiro and Probstein, 1993). 
The treatment process involves passing a low amperage electrical current between a series of cathodes 
and anodes imbedded in the contaminated soil. This remediation technology requires the presence of a 
conducting pore fluid in the soil mass to be treated and is therefore generally applicable to soils only 
under saturated conditions. Moreover, the contaminated species must be solubilized by the introduction of 
acids or other appropriate chemicals during the treatment process in order for this remediation technique 
to be successful (Acar and Gale, 1995; Mulligan et al., 2001a). Soil flushing is another remediation 
technology designed to solubilize and extract contaminants in soils by extracting aqueous solutions. 
Additives can be added into extracting solutions to enhance efficiencies. However, this remediation 
technology mainly focuses on volatile organic compounds and is still quite limited for metal removal 
(Mulligan et al., 2001b). Arsenic is known to be very recalcitrant for soil flushing with water (Kuhlmeier, 
1996; 1997). Although there are chelating agents that can extract arsenic effectively (Peters et al., 1994) 
and can be used as the additive in soil flushing remediation, the applicability and effectiveness of this 
remediation technology is still unproven given the extensiveness of the contaminated sites.  
Another remediation technology currently being used is solidification/stabilization. This treatment 
method involves mixing contaminated soils or residual particulates from other treatment methods with a 
physical binding agent to form a crystalline, glassy, or polymeric framework surrounding the waste 
particles. Coupled with micro-encapsulation, appropriate chemical additives may also be used to convert 
the contaminants to a solid compound and thus further improve the waste's resistance to leaching. This 
type of remediation can be performed either in situ or ex situ but typically requires excavation of 
contaminated soils with large machinery.  
The contaminated industrial sites in this study contain large volumes of contaminated soil having low-to-
moderate arsenic concentrations in vadose zone, and also contain dangerous high voltage equipment. The 
traditional remediation technologies (excavation and disposal, vitrification, solidification/stabilization) 
require excavation of contaminated soils using heavy equipment, which is impossible to perform safely at 
these sites. Electrokinetic remediation were previously attempted as in situ treatment methods at these 
sites, but showed very limited success during field-scale demonstration tests (Personal communication, 
James C. Redwine, Southern Company Services, Inc., 2004). 
In cooperationwith our industrial partners, a new in situ chemical fixation (ISCF) remediation technology 
was developed to safely and economically treat the contaminated area. The ISCF treatment was tailored to 
the soil chemistry of the contaminated sites and designed to promote the formation of more insoluble 
arsenic-bearing phases by injections of chemical reagents in order to reduce arsenic environmental 
leachability. This paper reports an experimental study on ISCF treatment of representative soils from two 
contaminated sites. 
 
2. Experimental 
2.1. Contaminated soil characterizations 
Two representative contaminated sites, FW and BH, were selected for evaluation of in situ chemical 
fixation as a remediation technology. Both sites are located near the Gulf Coast in the southeastern United 
States. The soils at these sites are contaminated with arsenic due to the heavy application of herbicide 
containing arsenic trioxide with a trade name “Anaconda” from former Anaconda smelter as a major 
ingredient during the 1950s and 1960s. The background concentration of arsenic for soils in the study site 
areas is less than 3mg/kg. However, the previous study (Yang and Donahoe, 2007) found environmentally 
available arsenic concentrations of 325 mg/kg and 900mg/kg as determined by EPA method 3051, 
respectively, in contaminated soils at the FWand BH sites. 
Soils in the study areas are mainly derived from Quaternary undifferentiated terrace marine and fluvial 
sediment deposits. There are four major hydrogeologic units for the both sites: unconfined sand aquifer, a 
silty peat semi-confining bed, a semi-confined sand aquifer and a silt/clay confining unit. A previous soil 
contamination assessment of the site indicated that arsenic contamination is mainly concentrated in the 
vadose zone above the surficial sand-and-gravel aquifer (Personal communication, JamesC. Redwine, 
Southern Company Services, Inc., 2004). Contaminated soil samples were collected from each site at 
depths of 10 cm to 60 cm below the surface with 20 cm intervals. The samples were placed in 20 l plastic 
buckets, sealed tightly with lids and duct tape and placed inside the cooler with ice packs for immediate 
transport to the laboratory. Two buckets of representative soil were collected for each site. The collected 
samples were stored in the sealed container in the lab refrigerator at 4 °C before further analysis.  
A portion of the soil samples from each site was placed in an oven at 60 °C for gravimetric % moisture 
determination. The remaining soil sample was thoroughly homogenized by hand and passed through a 
1mmsieve for use in chemical fixation experiments. Soils from both sites are fine to medium 
unconsolidated sandy loams with quartz as their major mineral component and varying amounts of 
organic matter. BH soil has a higher arsenic content (900 mg/kg) than FW soil (325 mg/kg), as 
determined by microwave-assisted nitric acid digestion (EPA Method 3051; USEPA, 1994b). Detailed 
soil characterization methods are reported elsewhere (Yang andDonahoe, 2007). Soil properties for both 
study sites are listed in Table 1.  
2.2. In situ chemical fixation batch experiment  
It is known that partitioning of arsenic between solution and sediments in aqueous systems is often 
closely associated with the cycling of iron (Belzile and Tessier, 1990; Sakata, 1987; Elkhatib et al., 1984). 
Furthermore, ferric ion has been used as an effective coagulation reagent in the treatment of arsenic-
contaminated wastewater (Cheng et al., 1994; Edwards, 1994; Hering et al., 1996). A study by Krause and 
Ettel (1988) showed that arsenic can form relatively insoluble ferric iron compounds, which have 
solubility products on the order of 10−20 to 10−24. 
After a literature search, ferrous sulfate was chosen as the major ingredient of chemical fixation solutions 
to be evaluated in this study for treatment of arsenic-contaminated soil. Because arsenic pentavalent 
compounds are more insoluble, less mobile and therefore less toxic in common Eh–pH conditions found 
in the environment, potassium permanganate was also added to some of the fixation solutions as an 
oxidant. Calcium carbonate was added to one fixation solution to buffer the pH. Three different treatment 
solutions were tested to find the optimal combination for arsenic fixation: (1) ferrous sulfate (FS); (2) 
ferrous sulfate and potassium permanganate (FS+PM); (3) ferrous sulfate, calcium carbonate and 
potassium permanganate (FS+PM+CC). The molar ratios of each reagent chemical to total soil arsenic 
content (determined by EPA method 3051) were chosen as: FeSO4·7H2O: As=2:1, CaCO3:As=4:1, 
KMnO4:As=5:2. 
Batch experiments were conducted in duplicate by reacting 150 g samples of contaminated soil with each 
of the treatment solutions in 2 l polypropylene bottles. Each experiment was performed at a soil:solution 
ratio of 0.3, using 3 days of cure time. 
2.3. Powder XRD and SEM analysis  
The treated soil samples were subjected to powder X-ray diffraction (XRD) analysis using a Philips 
XRG3100 automated X-ray powder diffractometer (Cu Kα radiation at 45 KVand 40 mA, 2 to 70° 2θ, 
0.04° 2θ/ s scan speed). Scanning electron microscopy (SEM) analysis was performed on a Philips XL30 
scanning electron microscope equipped with an energy-dispersive X-ray (EDX) spectrometer. Both bulk 
soil and b2 µm clay-sized soil particles separated by flotation according to Stock's Law were carbon 
coated and analyzed by SEM to detect trace arsenic-bearing phases in the studied soils. Qualitative 
chemical composition information for the observed soil particles was obtained by EDX analysis. More 
accurate chemical compositions of any arsenic-bearing particles were determined by electron microprobe 
analysis (EMPA) using a JEOL 8600 Superprobe equipped with an energy-dispersive spectrometer (EDS) 
and five wavelength-dispersive spectrometers (WDS). 
2.4. Sequential leaching experiment  
Treated and untreated soils were subjected to sequential leaching using the leachate solutions described in 
U.S. EPAMethods 1311 and 1312 (USEPA 1992 and 1994a) in order to evaluate the effectiveness of each 
treatment solution for reducing the mobility of arsenic during long-term leaching. EPA Method 1311 
toxicity characteristic leaching procedure (TCLP) fluid is an acetic acid solution with a pH of 2.88, while 
EPA Method 1312 synthetic precipitation leaching procedure (SPLP) fluid is a dilute mixture of sulfuric 
and nitric acids having a pH of 4.20. One gram samples of homogenized soil and 15 ml of TCLP or SPLP 
fluid were put into a 20 ml glass vial. The vial was capped and shaken for 24 h on New Brunswick Innova 
2100 platform shaker at 200 rpm, then centrifuged for 20 min at 3000 rpm. After centrifugation, the 
supernatant solution was removed, another 15 ml of the leachate fluid was added to the residue, and the 
samples were subjected to another 24 h of leaching. All supernatant leachate solutions were passed 
through 0.2 µm nylon syringe filters, acidified with 2% Optima ultra-pure HNO3 acid according to the 
size of sample collected and analyzed for total arsenic by axial view ICP-AES analysis (Perkin Elmer 
3000DV). Sequential leaching was continued until the supernatant solution arsenic concentration reached 
the ICP-AES detection limit (0.005 mg/l).  
 
2.5. Sequential chemical extraction experiment  
Although sequential leaching of treated and untreated soil allows evaluation of the effectiveness of the 
ISCF treatment solutions, it does not provide any information about the mechanism of arsenic 
immobilization. A 4-step sequential chemical extraction procedure (SCEP)modified from that of Wenzel 
et al. (2001) was used to study the change in soil arsenic distribution resulting from chemical fixation 
treatment of BH and FW soils. Although the information on phase associations obtained from sequen- tial 
chemical extractions are usually operationally defined, it is still a very useful tool to assess the association 
of arsenic with different environment pools after careful selection of extraction reagents and optimization 
of the extraction procedure. The adopted SCEP is designed to target the arsenic fractions primarily 
associated with (1) non-specifically sorbed; (2) specifically sorbed; (3) amorphous and poorly-crystalline 
hydrous iron and aluminum oxides and (4) well-crystallized hydrous oxides of iron and aluminum 
(Wenzel et al., 2001). Only the soil samples treated with fixation solutions determined by sequential 
leaching to be the optimal reagent combinations were subjected to sequential chemical extraction.  
After centrifugation and removal of as much of the treatment solution as possible, the treated soil 
sampleswere allowed to air dry. The air-dried samples were gently crushed and thoroughly homogenized 
for later analysis. A portion of each untreated soil sample was also dried in air to compare with the treated 
soils. Representative 1 g samples of the air-dried treated and untreated soils were placed into 50 ml conic 
polypropylene centrifuge bottles and subsequently subjected to a 4-step sequential chemical extraction 
procedure following the method developed by Wenzel et al. (2001). The chemical reagent concentrations 
and volumes of each extraction solution, as well as the conditions and detailed procedures used for each 
extraction step are listed in Table 2. Duplicate extractions were performed for each soil sample. The 
extraction samples were shaken at 260 rpm for the specified period of time required by the extraction 
procedure on a platform shaker. Between each step in the extraction procedure, samples were centrifuged 
at 3000 rpm for 30 min before the supernatant solution was withdrawn. The extractant solutions were 
passed through 0.2 µm nylon syringe filters and acidified with 2% Optima ultra-pure nitric acid. All 
extractant solution samples were stored in a refrigerator at 4 °C prior to ICP-AES analysis.  
 
3. Results  
3.1. In situ batch fixation experiments  
The chemical compositions of the control and fixation solutions after batch reaction with BH and FW soil 
are listed in Tables 3 through 5. For all three treatment solutions, some calcium was dissolved during the 
treatment process. However, no significant amount of arsenic was leached from the soils during treatment 
for any of the fixation solutions.Comparing the results of the three sets of fixation experiments, it can be 
seen that fixation solution 2 (FS+PM) had a significantly higher final arsenic concentration than the other 
two fixation solutions. Batch reactions with fixation solutions 1 (FS) and 3 (FS+PM+ CC) produced much 
less arsenic in the supernatant solution. However, compared to the total arsenic content of the soils, the 
amount of arsenic leached during treatment was minimal. 
3.2. Powder XRD and SEM analysis 
Comparison of the powder XRD patterns of the treated and untreated soils shows that there were no 
detectable changes in the soil mineralogy after in situ chemical fixation treatment. Likewise, SEM and 
EMPA analyses of treated FWand BH soils also failed to show any obvious differences in trace mineral 
phases after treatment. However, EDX spectra of many treated soil particles contained large Fe peaks, 
while untreated soil particles showed little Fe and no arsenic. A few particles were detected in both 
treated soils which showed associations between Fe and arsenic in EDX spectra collected on certain areas 
of the particle surfaces. However, the morphologies of these particles don't seem to indicate the formation 
of any new arsenic-bearing phases. Overall, no newly-formed arsenic-bearing phases were detected in any 
of the treated soils by any of the available analytical techniques.  
3.3. Sequential leaching  
In order to better evaluate the long-term leaching behavior of arsenic from FWand BH soils before and 
after ISCF treatment, the amount of arsenic leached during each sequential leaching step was converted to 
ppm on a dry weight basis of soil and the percentages of total extractable arsenic thatwere cumulatively 
leached by SPLP and TCLP sequential leaching were calculated according to the corresponding soil 
arsenic content, as determined by EPA Method 3051. The percentage of arsenic leached by TCLP and 
SPLP fluids from untreated soil as well as soil treated with the three different fixation solutions are 
presented in Figs. 1 (BH soil) and 2 (FW soil). From their TCLP and SPLP cumulative sequential 
leaching behaviors, it is clearly shown that both of the studied soil samples showed significant reductions 
in arsenic leachability after treatment with all 3 fixation solutions, compared to untreated soil. However, 
the effectiveness of each fixation solution varied with soil type and the leachate fluid used. 
The percentages of total leachable arsenic removed by SPLP and TCLP fluid from treated FW and BH 
soil samples compared to untreated soil samples is shown in Fig. 3. Although similar arsenic leaching 
patterns were observed for both studied soils, the percentage of total leachable arsenic removed from BH 
soil was always lower than the percentage of total soil arsenic leached from FW soil, regardless of the 
treatment solution or leachate fluid used. When subjected to TCLP sequential leaching, both soils showed 
lowest leachable arsenic after treatment with the fixation solution combination of FS+PM+CC. Compared 
to the total amount of arsenic removed from untreated soil leached for about the same period of time, only 
27% of the arsenic was leached from FW soil and 13% from BH soil. Similar TCLP leaching results were 
seen for these soils after treatment with the FS+PM fixation solution. While treatment with the solution 
containing only ferrous sulfate produced the worst results, FW and BH soils showed 56% and 67% 
reductions, respectively, in leachable arsenic, compared to untreated soil. 
However, for SPLP sequential leaching, the effectiveness of the treatment solutions showed exactly the 
reverse trend. Treatment of the soilswith the FS solution resulted in the greatest decreases in leachable 
arsenic, with 19% and 16%, respectively, of the arsenic leached from untreated soil being removed from 
treated FW and BH soils. The treatment solution containing FS+PM+CC produced the worst results, with 
74% of the leachable arsenic being removed from treated FW soil and 57% removed from treated BH soil 
by SPLP sequential leaching. The FS+PM treatment solution had an intermediate effect on arsenic 
mobility for both soils. 
In order to better evaluate the effectiveness of each treatment solution, the cumulative arsenic removed 
from each treated soil by SPLP sequential leaching was calculated as a percentage of the cumulative 
arsenic removed from each corresponding treated soil by TCLP sequential leaching for the same total 
leaching time. Fig. 4 compares the percentages of arsenic leached by SPLP vs. TCLP sequential leaching 
for each fixation solution treatment and the untreated soils. The data show that SPLP leaching only 
removed 32% and 23% of the total arsenic removed by corresponding TCLP leaching from FW and BH 
soils, respectively. However, except for the soil samples treated with the FS solution, which have lower 
percentages of arsenic leached compared to the untreated soils, soil samples treated with the FS+PM and 
FS+PM+CC solutions all have higher percentages of arsenic removed than the untreated soils. 
Compared to treatment with FS only, the above results indicate that the treatments containing PMhave an 
adverse effect, leaving large portions of the soil arsenic unfixed and vulnerable to SPLP leaching. 
Although TCLP is the approved standard procedure for characterizing hazardous waste by USEPA, it is 
mainly designed to evaluate metal mobility in landfill environment and does not represent the leaching 
conditions encountered in the studied sites, where natural precipitation is the dominant factor. 
Considering the overall effect of each treatment solution, the FS solution is considered the most effective 
treatment for leaching conditions expected in the field. 
3.4. Sequential chemical extractions 
Results of the sequential chemical extraction procedure (SCEP) experiments are listed in Tables 6 through 
7. In order to better represent changes in soil element distributions after ISCF treatments, the element 
concentrations in each extraction solution were converted to the percentage of the total amount removed 
by all of the extraction steps. Figs. 5 and 6 compare the percentages of arsenic and Fe removed by each 
extraction step from treated and untreated FWand BH soil samples. The data clearly show that after the 
soils are treated with the FeSO4 fixation solution, the most labile arsenic fraction, removed from the soil 
by the first extraction step (S1), was greatly reduced for both of the studied soils. Compared to the 
untreated soils, the percentage of arsenic removed from the treated soils by the first extraction step was 
reduced to about one tenth that of the untreated soils. For FW soil, the percentage of arsenic extracted by 
S1 was reduced from 16% to 1.78% after the ISCF treatment; for BH soil, S1 extractable arsenic was 
reduced from 13.8% to 0.76% after the soil treatment.  
Another noticeable change in both soils after ISCF treatment was a considerable increase in the 
percentage of arsenic extracted by the third sequential extraction step (S3). The percentage of arsenic 
extracted by S3 increased from 37.15% to 52.48% for FW soil and increased from  48.6% to 71.69% for 
BH soil. These results indicate that most of the labile arsenic in the S1 soil fraction was transferred by 
ISCF treatment to be associated with phases extracted by S3 of the SCEP. 
In addition, ISCF treatment resulted in large increases in the amount of iron extracted by S3, while the 
percentage of the total iron extracted by the fourth sequential extraction step (S4) of the SCEP was 
significantly decreased for both FW and BH soil. The percentage of total extractable Fe removed by S3 
was increased from 33% to 62% for FW soil and from 52.7% to 86.7% for BH soil, while S4 iron 
decreased from 66.74% to 35.92% for FW soil and from 47.1% to 12.32% for BH soil. There was also a 
noticeable increase in the percentage of iron extracted with the S1 soil fraction for both of studied soils 
after the ISCF treatment; however, the S1 iron increases are insignificant compared to the much larger 
increases and amounts of total iron associated with S3. The third extraction step is designed to attack 
amorphous aluminum and iron oxyhydroxides in soil samples. The SCEP results therefore strongly 
suggest that most of the treatment solution Fe formed amorphous iron hydroxide in the studied soils. 
 
4. Discussion  
The objective of in situ chemical fixation treatment is to inject chemical reagents directly into 
contaminated soils to favor the formation of more insoluble arsenic-bearing phases. The initial design of 
the remediation experiments was based on the following possible reactions:  
15AsO3−3 + 6MnO−4 +18H+→2Mn3 (AsO4)2+11AsO3−4 + 9H2O (1) 
3Fe2+ + MnO−4 + 4H+→3Fe3+ + MnO2(c)+ 2H2O (2) 
Fe3+ + 3H2O→Fe(OH)3 + 3H+ (3) 
4Fe3+ + 2AsO3−4 + 6H2O→2Fe(OH)3 + 2FeAsO4 + 6H+ (4) 
≡FeOH0 + H3AsO4→FeH2AsO4 + H2O (5)  
≡FeOH0 + H3AsO3→FeH2AsO3 + H2O (6)  
Ferrous sulfatewas used as themajor ingredient of the  fixation solutions because of the close association 
of iron compound with arsenic and the low solubility of ferric arsenate. Potassium permanganate was 
used in two of the treatment solutions to help oxidize any As(III) in the soil samples into the less toxic 
and more stable As(V). Permanganate could also help convert soil arsenic species into Mn3(AsO4)2, 
which is fairly insoluble. Because of the strongly acidic solution generated by combining ferrous sulfate 
and potassium permanganate (pHb3), calcium carbonate was used as a buffer in one of the treatment 
solutions. 
From the chemistry of the reacted fixation solutions and the corresponding blank test solutions, it is 
apparent that large amounts of iron and manganese remained in the contaminated soils. The sequential 
leaching experiment results clearly showed that soil arsenic leachability was reduced by as much as 90% 
after in situ chemical fixation treatment. However, because no newly-formed arsenic-bearing phases were 
detected by XRD or by SEM/EDX in the treated soils, the mechanism by which the treatment solution 
reduces the leachability of soil arsenic could not be conclusively shown.  
One possible immobilization mechanism is through the formation of insoluble arsenic-bearing phases by 
the reactions described in Eqs. (1)–(6), above. It is possible that some insoluble arsenic-bearing phases 
might have formed during the ISCF treatment process. However, no such phases were detected by either 
XRD or SEM/EDX analyses, suggesting that if existed, their amounts must be very small (XRD and 
SEM/EDX detection limit is about 1%). Moreover, studies by other researchers have indicated that 
precipitation of Fe–As and Mn–As phases is very unlikely. The introduction of ferric ions for removal of 
arsenic from hydrometallurgical processed solutions and in water treatment has been studied by many 
researchers (Robins et al., 1987; Edwards, 1994; Cheng et al., 1994; Hering et al., 1996). These studies 
indicated that coagulation and adsorption are the major mechanisms for arsenic removal. Although 
Robins et al. (1987) referred to the solids formed from solutions containing arsenic and ferric ions as 
“basic ferric arsenate”, later evidence conclusively showed that the precipitated material was in fact not a 
compound of Fe(III) and As(V), but simply an adsorptive binding of arsenic on ferric hydroxide. Robins 
et al. (1992) pointed out that ferric arsenate can form only at relatively high concentrations of ferric and 
As(V) ions in a low pH environment. 
The ISCF solution containing only ferrous sulfate has a pH of about 5.4. Assuming that all of the soil 
arsenic (as determined by EPA Method 3051) was available for reaction with the treatment solution Fe 
retained by the soil, the calculated ratio of “co-precipitated” Fe:As is about 1:1.2 for FS treatment of both 
studied soils. Given the relatively high pH and low ferric and As(V) ion concentrations of the reacted FS 
treatment solutions, it is unlikely that ferric arsenate would form during the treatment process. 
Ferrous sulfate has been used as a binding agent for the treatment of arsenic-contaminated soils by other 
researchers (Voigot et al., 1996;Moore et al., 2000); however, these studies also failed to find any 
evidence of insoluble ferric arsenate being produced. The previous characterization study of untreated FW 
and BH soils showed that arsenic was primarily associated with soil particle surfaces, rather than located 
in individual arsenic-rich grains (Yang and Donahoe, 2007). Arsenic is particle-reactive and therefore 
more likely to be adsorbed onto amorphous aluminum or iron oxyhydroxides as well as other adsorbent 
phases in contaminated soils, other than to remain in solution. Given the fact that the soil particles were 
allowed to thoroughly react with the ferrous sulfate treatment solution, it is more likely that the added 
ferrous ions hydrolyzed into ferric ions and precipitated as amorphous ferric hydroxide surface coatings 
on soil particles during the treatment process. 
As the result of ISCF treatment,more of the existing soil arsenic became associated with newly-formed 
iron hydroxide coatings on soil particles. This mechanism for arsenic immobilization is supported by the 
results of sequential chemical extractions performed on the treated soils (Table 6 and 7), which showed 
that the injected iron was added to the soil fraction extracted by the third SCEP step. Because this step is 
designed to target amorphous aluminum and iron oxyhydroxides, the iron added to the soil by the 
treatment process is shown to exist mainly as amorphous ferric hydroxide. The concurrent increase in the 
percentage of the total soil arsenic extracted by the third SCEP step further corroborates that ISCF 
treatment redistributes soil arsenic to be associated with the precipitated amorphous iron hydroxide 
coatings. 
The strong adsorption of arsenic onto poorly-crystalline hydrous iron oxides by surface complexation 
reactions has been proposed and experimentally verified by many researchers (Waychunas et al., 1993; 
Manceau 1995; Fendorf et al., 1997; Manning et al., 1998). Comparing the distribution of arsenic and iron 
in the treated and untreated soils as determined by the SCEP (Fig. 5 and 6), the observed large concurrent 
increases in arsenic and iron in the S3 soil fraction indicate that a significant amount of the arsenic in both 
FWand BH soils was associated with newly-formed amorphous iron hydroxide by the ISCF treatment. It 
is suggested that after treatment with the FS fixation solution, soil arsenic was immobilized by newly-
formed hydrous iron oxides through surface complexation reactions. Although the release of heavy metals 
during transformation of poorly-crystalline hydrous iron oxides into more crystallized phases is still of 
environmental concern, studies have shown that arsenic surface complexation greatly retards the 
crystallization rate of poorly-crystalline materials such as ferrihydrite, and that amorphous hydrous iron 
oxides show greatly enhanced environmental stability after surface complexation by arsenic or other 
heavy-metal species (Emett and Khoe, 1994; Paige et al., 1997; Ford, 2002).  
The SPLP sequential leaching experimental results in Fig. 4 indicated that the treatment solutions 
containing potassium permanganate had an adverse effect of leaving large portions of arsenic in the 
treated soils vulnerable to SPLP leaching. Compared to the treatment with ferrous sulfate only, the 
addition of potassium permanganate will greatly speed the oxidation and precipitation of ferrous ion 
during treatment process. This rapid precipitation of amorphous ferric hydroxide may not be conducive to 
the formation of complete iron hydroxide coatings on the contaminated soil particles and hinder their 
reaction with soil arsenic, which may leave portions of soil arsenic unfixed and vulnerable to SPLP 
leaching. In addition, it is possible that the highly acidic pHconditions produced with the addition of 
potassium permanganate reagents may favor the formation of other metastable iron sulfate minerals that 
have an adverse effect on the soil arsenic fixation process. The treatment solution with ferrous sulfate 
only is considered the optimal treatment method based on current study. During field application, the rate 
of hydrolysis of ferrous ion in the treatment solution may need to be optimized to favor the reactions of 
iron hydroxide coatings with soil arsenic for optimal result.  
 
5. Conclusions  
Arsenic-contaminated soils from two industrial sites were successfully treated with an in situ chemical 
fixation remediation method. Three different treatment solutions: FS, FS+PM and FS+PM+CC, were 
tested to find the optimal treatment solution composition. All treatment solutions were found to be 
effective for both soils, greatly reducing arsenic leachability compared to the untreated soils. However, 
SPLP and TCLP sequential leaching experiment results showed that the effectiveness of each treatment 
solution varies. Treatment with the FS solution produced the best effect in terms of SPLP leaching, while 
treatment with FS+PM+CC was most effective when the soils were subjected to TCLP leaching. 
Although soils treated with solutions containing potassium permanganate showed lower arsenic mobility 
than those treated with only ferrous sulfate for aggressive TCLP sequential leaching, potassium 
permanganate treatments actually left large portions of the soil arsenic vulnerable to environmental 
leaching simulated using SPLP fluid. Consequently, treatment of arsenic-contaminated soil with the 
solution containing only ferrous sulfate is considered optimal. Compared to conventional remediation 
methods, in situ chemical fixation provides a cost-effective alternative for the remediation of arsenic- 
contaminated soil in subsurface environment. 
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